Introduction
A copious amount of aluminum metal exists in the earth's crust. The metal is a constituent of cooking utensils and medicines such as anti-acids, deodorants, food additives, which has facilitated its access into the body (1) . In the ionic form, aluminum is measurable in not only all natural waters, but also most types of animal and plant tissues (2) . Because of its reactivity, aluminum is naturally present as combined with other elements forming compounds such as aluminum sulfate and chloride (3) . The risk of exposure and related health issues in humans exacerbated by the wide abundance of aluminum. The concentration of this metallic element in the consumers' organs will rise due to high consumption of aluminum-containing products resulting in damages to various tissues including kidney, liver, heart, blood, bone, and brain (4) . The toxic effects of aluminum are attributed to mediation by reactive oxygen species (ROS) generation giving rise to oxidative deterioration of cellular lipids, proteins and DNA, as well as induction of changes in the activities of tissue antioxidant enzymes, altered gene expression, and apoptosis (5) (6) . Evidence indicates that aluminum induced changes in hematobiochemical parameters, increased lipid peroxidation, and decreased the activities of antioxidant enzymes in plasma and different tissues (7) (8) (9) . The kinetics of aluminum-induced toxicity includes activation of Fe 2+ and Fe 3+ ions to cause oxidative damage (10) . The excessive mitochondrial ROS generation sparks hepatocyte apoptosis and depletes endogenous antioxidant enzymes via activation of the caspases cascade. Consequently, the external supply of antioxidants is important to inhibit caspase activation and also to defend against the injurious effects of oxidative stress (11) . In order to regulate the progression of diseases associated with oxidative stress, various antioxidants, and plant phenolics have examined as chemoprotective agents in epidemiological and experimental studies. Curcumin (Curcuma longa Linn), a hydrophobic polyphenol extracted from turmeric, can be used as both an antioxidant and a therapeutic agent with no specific side effects (12) . As a free radical scavenger, curcumin can largely suppress the production of ROS both in vitro and in vivo (13) . This diarylheptanoid was reported to have anti-carcinogenic, anti-inflammatory, and antibacterial properties (14) acting as a potent cancer chemo-preventive agent (15) and a suppressor of tumor cell proliferation (16) . As shown by recent studies, curcumin has a robust scavenger of oxygen free radicals that increase intracellular glutathione concentration, thereby protecting against lipid peroxidation (17) . Curcumin administration has reported to prevent oxidative stress caused by arsenic, gentamicin, cadmium, paracetamol and carbon tetrachloride in rats (18) (19) (20) (21) (22) . Accordingly, the present research sought to investigate aluminum chloride toxicity in the liver of rats and to elucidate the alkaline phosphatase (ALP; ab83369), and lactate dehydrogenase (LDH; ab102526) activities were determined by ELISA kits according to the manufacturer's instructions (Abcam Corporation, Japan).
Tissue thiobarbituric acid reactive substances and antioxidant enzymes in the liver
The extent of lipid peroxidation (LPO) in terms of thiobarbituric acid reactive substances (TBARS) formation was measured according to the method of Esterbauer and Cheeseman (28) . The absorbance of the sample was measured at 530 nm using a blank containing all the reagents except the sample. Because 99% of TBARS consists of malondialdehyde (MDA), TBARS concentrations of the samples were determined using the extinction co-efficient of MDA (1.56×10 5 M cm −1 ). The content of reduced glutathione (GSH; ab156681), and the activities of superoxide dismutase (SOD; ab65354) and catalase (CAT; ab83464) were estimated using reagent kits (Abcam Corporation, Japan) according to the manufacturer's instructions.
Histological analysis
Briefly, an abdominal incision was made, pieces of the liver were fixed and embed in 10% formalin, ed Sections of 5 μm thickness were obtained using a rotary microtome, stained with Heidenhain's Azan and Reticulin, and observed under a light microscope (26) .
TUNEL method for analysis of apoptosis
The in situ DNA fragmentation was visualized by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) method. In a nutshell, liver sections were dewaxed, predigested with 20 mg/ml proteinase K for 20 min, and incubated in phosphate buffered saline (PBS) solution containing 3% H2O2 for 10 min to hinder the endogenous peroxidase activity. The sections were incubated with the TUNEL reaction mixture, fluoresceind UTP (Roche Applied Science, Germany) for 60 min at 37 °C according to the manufacturer's instructions. Afterward, the slides were rinsed thrice with PBS and incubated with secondary anti-fluorescein-PODconjugate for 30 min. For chromogenic reaction, Hoechst stain (Sigma-Aldrich Co. Inc., USA) was added to the thrice-rinsed PBS. The step of using the TUNEL reaction mixture was omitted in negative control serial sections to control method specificity; instead, the nucleotide mixture was used in the reaction buffer. The apoptotic index was determined at 10-random locations within each liver section (29) .
Statistical analysis
The normality of continuous variables was confirmed using the Kolmogorov-Smirnov test. Data were reported as mean ± standard error (SE) and analyzed with oneway analysis of variance (ANOVA) and Tukey's post-hoc test. P values less than 0.05 were considered significant. All analyses were performed with SPSS 16 
Results

Effects of treatments on the body and liver weights
Changes in total body and liver weights are shown in Table 1 . The total body weight dropped significantly in rats of AlCl 3 -treated group compared to those received CUR (P < 0.001), CUR+ AlCl 3 (P < 0.05) and the controls (P < 0.001). Besides, very significant increases were noted in the liver weights of AlCl 3 -treated rats (with liver hypertrophy) compared to the other groups (P < 0.01). Table 1 shows some biochemical indexes indicative of liver injury in rats. Data revealed significant rises in plasma levels of AST, ALT, ALP, and LDH in AlCl 3 -treated rats compared to CUR and CUR+AlCl 3 group and also the controls (P < 0.05). In CUR and CUR+AlCl 3 treatments, there were no significant differences in plasma AST, ALT, ALP and LDH levels in comparison with the control and solvent groups. The total protein showed a significant reduction in rats of AlCl 3 -treated group as opposed to CUR and CUR+AlCl 3 and control rats (P < 0.05). There was a significant increase in total protein of CUR rats compared to that of AlCl 3 group (P < 0.05), but CUR treatment was not significantly different from the control and solvent groups ( Table 1) .
Effects of treatments on plasma biochemical markers
Effects of treatments on lipid peroxidation
Malondialdehyde (MDA) levels in the tissue's homogenates of the liver ( Fig. 1-A ) increased in the AlCl 3treated group compared to those of CUR+AlCl 3 and the control rats (P < 0.0001). CUR+AlCl 3 group showed no significant changes in the liver MDA levels compared to the control rats (P > 0.05). Levels of MDA in the studied tissues decreased significantly in CUR rats as opposed to the other groups (P < 0.05). Figure 1 -B, C and D show changes of GSH, SOD and CAT activities in the liver tissue indicating liver oxidative damage. Exposure of rats to AlCl 3 produced significant drops in GSH, SOD and CAT enzyme activities compared to other groups (P < 0.05). The rats received CUR+AlCl 3 exhibited significantly elevated levels of GSH in comparison with AlCl 3 group (P < 0.05) but not with the control. Compared to AlCl 3 group, the animals in CUR+AlCl 3 treatment displayed significant elevations of SOD activities in tissue homogenates of the liver (P < 0.05), but were not different from the control. Moreover, CAT activities in liver tissues of CUR+AlCl 3 rats were significantly higher than that of AlCl 3 group (P < 0.05), but showed no differences with the control. In contrast, treatment with curcumin resulted in a significant amelioration of the enzyme (GSH, SOD and CAT) activities.
Effects of treatments on antioxidant enzyme activities
Effects of treatments on apoptosis and histological structures of the liver
Rats treated with AlCl 3 showed significantly higher TUNEL-positive cells (P = 0.001) than the other groups. Treatment with CUR+AlCl 3 resulted in significantly lower number of TUNEL-positive cells when compared with AlCl 3 -treated rats (P = 0.01). However, this value was not significantly different compared to control group. Moreover, the number of apoptotic cells dropped significantly in rats treated with CUR alone (P = 0.0001) as compared to those treated with AlCl 3 alone and in CUR+AlCl 3 group (Fig. 2-3 ). Histological structures of the liver in rats treated with curcumin ( Fig. 4-B , b) showed normal tissue structures of the liver similar to the control tissue ( Fig. 4-A, a) . After four weeks of administration, liver histological structures of AlCl 3 intoxicated rats ( Fig. 4 -C, c) revealed distortion and inflammation of the portal area, deposition of red blood cells in the portal vein, and lipid droplets, as well as bleeding in sinusoids and distorted portal area. The histological structure of liver in the CUR+AlCl 3 group after four weeks ( Fig. 4-D, d) showed normal hepatocytes nucleus and slight bleeding in sinusoids. Also, an improvement of the liver structure was observed with CUR+AlCl 3 (Fig. 4-D, d) showing no bleeding in the portal vein and a normal bile duct in the normal portal area.
Discussion
The present study was undertaken to determine whether curcumin (CUR) could prevent and/or reduce aluminum chloride-induced oxidative stress and hpatotoxicity in Wistar rats.
The present study recorded elevated levels of MDA but reduced activities of glutathione (GSH), superoxide dismutase (SOD) and catalase (CAT) in the liver samples of aluminum chloride (AlCl 3 ) -treated rats. Moreover, it the hepatotoxic effect of Al was demonstrated by the elevated activities of ALT, AST, ALP and LDH in the plasma of treated rats with AlCl 3 compared to control with decreased total protein. AlCl 3 significantly reduced SOD, CAT and GSH levels but increased MDA level in the liver compared to control. AlCl 3 also caused various histopathological changes in the livers of rats. Curcumin (CUR) improved levels of changes in different parameters when combined with AlCl 3 . Aluminum is ubiquitous in the environment and its extensive industrial use provides an incentive to monitor its toxicity. Reported data indicate that aluminum has a potential of toxicity in humans and animals (6, 30) , which may be mediated by free radical generation and alterations in antioxidant enzymes both in vivo and in vitro (31) leading to neurotoxicity (32-33) and hepatotoxicity (24, 34) . The present study further revealed clear signs of AlCl 3 toxicity with reference to decreased body weight and increased liver weight (Table  1 ). These findings are in agreement with previous reports demonstrating that AlCl 3 toxicity leads to both abnormal body and liver weights (35) (36) . Our results indicate that CUR might have a beneficial role in lowering AlCl 3 toxicity probably due to its radical scavenging and neutralizing property. Thus, CUR treatment rectifies the falls of body weight and the rises of liver weight.
Lipid peroxidation of biological membranes results in the loss of membrane fluidity, changes in membrane potential, an increase in membrane permeability, and alterations in receptor functions (37) . It is known that aluminum is bound to transferrin as the Fe 3+ carrying protein, thereby, limiting the binding of Fe 2+ . Peroxidation of membrane lipids is caused by an increase in free intracellular Fe 2+ giving rise to membrane damage (37) . In the present study, there was a significant increase in lipid peroxidation after aluminum chloride exposure, measured in terms of MAD levels in the liver. These observations are similar to those reported by previous studies (7, (37) (38) (39) , who indicated that aluminum intake produces oxidative stress. In contrast, CUR administration with AlCl 3 decreased significantly the levels of MDA in the liver tissue homogenates. Priyadarsini et al., (40) suggested that curcumin to be capable of exerting antioxidative effects either directly as a chemical antioxidant owing to its capacity to scavenge ROS and nitrogen free radicals, or through regulating cellular defenses, which in turn apply antioxidant impacts. These observations are similar to previous reports (33, 41) .
Oxidative stress occurs as a consequence of the imbalance between ROS generation and the antioxidative process in favor of radical production. In the current study, a significant decrease in the activities of liver antioxidant enzymes (GSH, SOD and CAT) reflects the failure of antioxidant defense system to overcome the influx of ROS generated by AlCl 3 exposure. The results are in accordance with Kumar et al., (33) , who observed significantly dropped activities of SOD, GSH and CAT after AlCl 3 treatment. On the other hand, aluminum has been shown to be capable of suppressing NADPH-generating enzymes such as glucose 6phosphate dehydrogenase and NADP-isocitrate dehydrogenase. As NADPH has been found to be a major factor for GSH regeneration, the declined levels of GSH may be further attributed to inadequate NADPH availability (42) . Besides, aluminum is able to diminish the activity of liver enzymes (e.g. superoxide dismutase, catalase and GSH) associated with cell antioxidant defense (43) . The increased lipid peroxidation leads to inactivation of the antioxidant enzymes by crosslinking with MDA causing an increased accumulation of superoxide, H 2 O 2 and hydroxyl radicals, which could further stimulate lipid peroxidation (44) . Curcumin supplementation could grant protection against antioxidant defense system failure, which is in line with those of similar studies (45) (46) . Supplementation of CUR prevented these abnormalities due to its role in stabilizing the cell membrane and protecting the tissue from free radical mediated toxicity. Gaskill et al., (47) reported that releases of transaminases (AST and ALT), ALP and LDH from the cell cytosol can occur secondary to cellular necrosis. The activity of AST significantly increases in such cases and escapes to the plasma from the injured hepatic cells. In addition, ALT levels are valuable indicating the presence of liver diseases, as a large quantity of this enzyme is present in the liver. ALT plasma levels rise when cellular degeneration and/or destruction occurs in this organ (48) . The present study recorded significant rises in the activities of AST, ALT, ALP and LDH enzymes ( Table 1) in plasma of rats treated with aluminum as reported in previous studies (7, 36, 38-39, 47, 49) . This observation may be due to the leakage of these enzymes from the liver cytosol into the blood stream and liver dysfunction and disturbance in the biosynthesis of these enzymes along with altered permeability of liver membrane. Also, Whihelm et al., (9) reported that aluminum exposure resulted in the metal accumulation in the liver and that it could be toxic to the hepatic tissue at high concentrations. Moreover, AlCl 3 treatment caused a significant decrease in the level of total protein when compared with control group. The inhibitory effect of AlCl 3 on protein profile is in agreement with the previous findings (7, 36) . So, the significant decreases in the concentrations of total protein in AlCl 3 -treated rats could be attributed to the malnutrition and a reduction in protein synthesis capability of the liver (50) . The declined levels of plasma proteins could also be mainly ascribed to the destructive impact of AlCl 3 on liver cells as reflected in the elevated activities of AST, ALT, ALP and LDH enzymes in plasma. Following treatment of rats with CUR+AlCl 3 , the activities of antioxidant enzymes and biochemical indicators were normalized to their control values (Table 1 ). This lends support to our finding that curcumin could enhance the reduced levels of antioxidant enzymes in AlCl 3intoxicated rats. CUR treatment was also able to restore the activity of various antioxidant enzymes in AlCl 3treated rats meaning that curcumin has hepatoprotective and antioxidant properties against hepatotoxins. The primary mechanism for this effect of curcumin may involve scavenging of free radicals causing lipid peroxidation. At the molecular level, curcumin is an atoxic natural inhibitor of NF-kB and, as a result, it modulates the expression of various genes such as cyclooxygenase-2, matrix metalloproteinase-9, inducible nitric oxide synthase, interleukin-8, and anti-apoptotic proteins, all of which are regulated by NF-kB. It also potentially induces protective heat shock proteins and inhibits lipoxygenases (33, 51) . Our findings reveal that CUR treatment alleviated the toxic effects of AlCl 3 on liver histology, when administered together with AlCl 3 . Similarly, Gaber et al., (41) investigated the histopathologic effects of curcumin against cadmium (Cd) toxicity, and reported that Cd led to severe histological damage, including apoptotic cell death, and that curcumin treatment partially reversed these effects of Cd. The liver histological structures of our AlCl 3 intoxicated rats illustrated distorted portal area and edema, bleeding in the portal vein, fibrosis around the portal area, and vacuolar degeneration of hepatocytes. These findings may explain the elevation of liver enzymes in plasma. Some of previous studies support our results in that they also proved the liver injury after exposure to AlCl 3 (52) . Also, Abdel-Wahab (8) presented evidence that liver sections from rats administered with AlCl 3 showed distorted liver architecture, namely marked necrosis and degeneration of hepatocytes, centrilobular necrosis and congestion of the central vein, vacuolization of hepatocytes, and dilatation and congestion of the blood sinusoids in addition to infiltration of inflammatory cells. The liver histological structures of the rats treated with curcumin showed a normal tissue structure of the liver similar to that of control group. The liver histological structures in CUR+AlCl 3 group represent no bleeding in the central vein, expansion of sinusoids around the central vein, and normal hepatocytes nucleus. Related studies suggested that CUR could reduce histological alterations caused by cadmium-induced hepatotoxicity (17, 41) . It was speculated that a correlation might exist between the histological findings and oxidative status, and that histopathological effects may reflect AlCl 3 -induced oxidative stress in the liver tissue. Accordingly, it can be concluded that curcumin may play a protecting role against AlCl 3 -induced liver injury due to its ameliorating effects on elevated oxidative stress and to a preventive impact against histological damage in the liver tissue exposed to AlCl 3 toxicity. This study clearly indicates that AlCl 3 affects both histological and biochemical parameters as well as antioxidative system inducing oxidative stress, which can be ameliorated by co-administration of CUR to overcome this disturbance. In fact, the ameliorative effect of CUR against oxidative stress in AlCl 3 treated rat's results from its antioxidant property by scavenging free radicals and chelating metals as well as regeneration of endogenous antioxidant.
